A fungal strain able to naturally accumulate large amounts of monacolin J was improved by N-methyl-N¢-nitro-N-nitrosoguanidine mutagenesis and genetic disruption of the lovF gene. Semisynthesis was then used to produce novel statins by attaching different side chains at the C8 hydroxyl residue. In vitro hypocholesterolemic and neuroprotection assays showed that one derivative (NST0037) had a very low 3-hydroxy-3-methylglutaryl CoA reductase IC 50 and high protection rate for oxidative-stress-induced neuron cell death. 
INTRODUCTION
Lovastatin and its analogs are inhibitors of 3-hydroxy-3-methylglutaryl CoA reductase (HMG-CoA reductase), the enzyme that catalyzes the rate-limiting step of cholesterol biosynthesis. These compounds, the early members of statins family, are secondary metabolites produced by several fungal genera such as Penicillium, Monascus, Aspergillus and Trichoderma, among others. 1, 2 Statins are the most effective lipid-lowering agents in the market, being commonly used to prevent coronary heart disease.
In the last years, a close correlation between hypercholesterolemia and Alzheimer's disease (AD) has been reported. 3 In fact, several studies have examined the role of statins in the prevention of dementia and treatment of established AD. Results concluded that patients that had taken statins showed a 70% lower prevalence of AD. [4] [5] [6] All natural statins have a main polyketide structure (monacolin J) to which varied side chains are linked at C6 and C8 positions, and a b-hydroxylactone. The latter is present as the corresponding b-hydroxy acid in the active form of this class. The inhibition of HMG-CoA reductase is due to the structural similarity of HMG-CoA, the natural substrate of the enzyme, and the acid form of the statins. 7 In the final step of the lovastatin biosynthesis pathway, the 2-methylbutyrate side chain is synthesized by lovastatin diketide synthase, the product of lovF gene. 8 The 2-methylbutyrate is covalently attached to the acyl carrier domain of lovF through a thioester linkage. Then an acyltransferase, made by lovD, is able to transfer the side chain selectively to the C8 hydroxyl group from lovastatin diketide synthase to yield lovastatin. Inactivation of either lovD or lovF leads the accumulation of the precursor monacolin J.
Therefore, monacolin J is a key intermediate that could be used as a lead to produce novel derivatives by semisynthesis. Currently, monacolin J is obtained from lovastatin through chemical processes involving long alkali treatments, very low to high temperatures and organic solvents. 9, 10 Such processes must be carefully controlled to avoid undesired side products formation and to reach a high yield. To develop a new biological and more environmentally friendly route, we developed a strategy to directly produce monacolin J by fermentation. Such strategy is based on the disruption of the lovF gene of a fungal strain leading to transformants able to accumulate large amounts of this intermediate. Monacolin J was extracted and purified from fermentation broths and derivatives were obtained by semisynthesis after chemical attachment of different side chains to the C8 hydroxyl group. These novel compounds were screened for their hypocholesterolemic and neuroprotective activities.
MATERIALS AND METHODS

Microorganisms, culture conditions and cloning vectors
Escherichia coli XL-1 Blue (ECOS Blue; Biomedal, Sevilla, Spain) and E. coli DH5a 9 were used as a host strains for gene cloning and propagation of vector molecules. These strains were grown in Luria-Bertani.
Candida albicans CECT 1002 was used in bioassay. Aspergillus terreus ATCC 20542 was obtained from the American Type Culture Collection (Manassas, VA, USA). Neosartorya stramenia CECT 20742 was isolated in our laboratory. N. stramenia 34-211 is a mutant strain obtained from N. stramenia CECT 20742, which was used as recipient strain for transformation experiments. Fungal strains were grown on MEA medium (1.5% malt extract, 0.1% bactopeptone, 2% glucose, 2% agar, pH 5.6) for 7-8 days at 28 1C. 
Mutation with N-methyl-N¢-nitro-N-nitrosoguanidine
Spore suspensions were treated with 2.7 mM N-methyl-N¢-nitro-N-nitrosoguanidine for 150 min. Under these conditions mortality was above 95%. Spores were washed several times with sterile water and grown on plates of MEA medium at 28 1C for 4-5 days.
Construction of pNBP.003 and pNBP.004 vectors
These plasmids were constructed to disrupt the lovF gene encoding lovastatin diketide synthase involved in the transfer of the methylbutyryl side chain to monacolin J to give lovastatin. To amplify the lovF gene fragment, we designed two oligonucleotides according to conserved sequences from lovF from A. terreus and A. niger. To introduce the SacI/KpnI restriction sites at the ends of amplified fragment, we changed some nucleotides that have been identified in boldface and underlined: lovF-Sac (5¢-gga gag gga gct cca gcg t-3¢) and lovF-Kpn (5¢-acg cat ggt acc tag taa tcc g-3¢). Optimized amplification reaction contained 1 ml of genomic DNA, 1Â Herculase II Fusion DNA Polymerase Buffer, 0.4 mM of each primer, 250 mM each dNTP, 5% DMSO, 3 mM MgCl 2 , 1 ml of Herculase II Fusion enzyme (Stratagene, Santa Clara, CA, USA) in total reaction volume of 50 ml. The 2978 pb PCR product of N. stramenia CECT 20742 was purified and digested with KpnI/SacI. This fragment was cloned in KpnI/SacI restriction sites of pUC18Not plasmid to give plasmid pNBP.001. The 4 kb hygromycinresistance expression cassette was extracted from pAN7-1 plasmid (BglII/XbaI) and was cloned into BglII digested pNBP.001 to give plasmid pNBP.003 ( Figure 1) .
The 3297 pb PCR product of A. terreus ATCC 20542 was cloned in the yT&A cloning vector (Yeastern Biotech) to give plasmid pNBP.002. Then, this fragment was digested with NcoI and cloned into the hygromycin-resistance expression cassette in pNBP.001 to give pNBP.004 ( Figure 1) .
Transformation of N. stramenia protoplasts
Protoplasts preparation. N. stramenia 34-211 was grown in Power medium 12 at 28 1C for 4-5 days. Spores of two plates were harvested, concentrated to 2 ml and incubated at 50 1C for 90 s. Then, were transferred to 100 ml of YM broth (3 g l À1 yeast extract, 3 g l À1 malt extract, 5 g l À1 meat peptone and 20 g l À1 glucose) and incubated about 15-16 h at 28 1C and 250 r.p.m. The culture was centrifuged to 8000 r.p.m. for 20 min, the mycelium was suspended in TP (50 mM potassium phosphate buffer (pH 5.8), 0.5 M KCl, 0.1 M MgSO 4 Á7H 2 O) with 0.1 M DTT and incubated in the same conditions for 2 h. The mycelium was filtered (10 mm nylon filter), suspended in 10 ml TP with 20 mg ml À1 lysing enzymes from Trichoderma harzianum (Sigma, Madrid, Spain) and 1000 U ml À1 of bglucuronidase Type HP-2 from Helix pomatia (Sigma) and incubated at 28 1C and 90 r.p.m. for 1-2 h. The protoplasts were filtered through a 10 mm nylon filter and washed three times with KCM solution (0.6 M KCl, 50 mM CaCl 2 , 10mM MES (pH 5.8)). The washed protoplasts were suspended with 1 vol KCM solution and 0.2 vol PCM solution (50% PEG 6000, 50 mM CaCl 2 , 10 mM MES (pH 5.8)).
Transformation. Protoplasts suspension (100 ml) were mixed with 10 ml of DNA and incubated on ice for 25 min. Then 500 ml of PCM was added, mixed and incubated at RT for 30 min. Finally, 600 ml of KCM solution was added and hygromycin B-resistant transformants were selected on plates of SDA sucrose medium (4% glucose, 1% neopeptone (Difco, Franklin Lakes, NJ, USA), 2% agar (Difco), 10.3% sucrose (pH 5.6)) containing 200 mg ml À1 hygromycin B after incubation at 28 1C for 5-6 days.
Bioassay
Production of monacolin J was tested by agar-diffusion bioassay. Agar plugs of N. stramenia 34-211 mutants grown on MEA plates were placed on the surface of plates seeded with C. albicans. Plates were incubated at 28 1C for 12 h and zones of growth inhibition were recorded.
The b-hydroxy acid form of statins (lovastatin, mevastatin, simvastatin) is known to have antifungal activity and growth inhibition zones are produced on the bioassay plates. In contrast, monacolin J does not have such antifungal activity and therefore no inhibition halos are observed.
Analytical methods
Cultures were extracted with EtOAc and dried extracts were resuspended in EtOH. Lovastatin and monacolin J were quantified by UPLC-SIR-MS using an Acquity BEH C18 column (particle size 1.7 mm, length 2.1Â100 mm) (Waters Cromotografía SA, Cerdanyola del Vallès, Spain). Two solvents were used as mobile phase: 0.1% formic acid in water (A) and CH 3 CN (B). The gradient began with 25% B and ended with 80% B for 6.5 min, at a flow rate of 0.3 ml min À1 .
Quantification of monacolin J and lovastatin from culture samples was carried out by UPLC (see above) using calibration curves representing log area (commercial standards) versus concentration. Curves for the lactone and acidic forms were prepared from commercial standards. Regression coefficients (R 2 ) were 0.996 and 0.997 for monacolin J, and 0.991 and 0.996 for lovastatin, respectively.
Structure of novel monacolin J derivatives was analyzed in a Bruker AV-300/ 500 MHz spectrometer (Bruker Española SA, Rivas Vaciamadrid, Spain) by MNR-H À1 , MNR-C 13 and DEPT. Bidimensional techniques H/H (COSY and TOCSY) and H/C (HSQC and HMBC) were also used.
Semisynthesis of novel monacolin J derivatives
N. stramenia 34-211 (T-64) was grown on MEA medium for 7-8 days at 28 1C. Spores were harvested with a sterile solution (2% Tween 20), washed and inoculated into flasks containing 100 ml YM medium. Liquid culture was incubated at 28 1C at 250 r.p.m. for 48 h. Twenty milliliters of such seed culture were used to inoculate sixteen 1 liter flasks each containing 200 ml of Medium 1 broth and were incubated at 28 1C, 250 r.p.m. for 192 h. In these conditions, N. stramenia 34-211 (T-64) produces mainly monacolin J. The culture was acidified to pH 3 with TFA (1 h, room temperature, on shaking) and extracted by stirring with EtOAc (5Â400 ml, for 1 h each), the combined extracts were dried (Na 2 SO 4 ), followed by evaporation and redissolving in 40 ml EtOAc/ n-hexane (20:80). Then it was passed through a silica gel column (1.2Â20 cm). The lactone monacolin J was eluted with EtOAc/n-hexane (45:55), vacuum evaporated, dissolved in 10 ml of acetone and stored at 4 1C overnight. The precipitate was filtered, washed with 2 ml of acetone followed of 2 ml of n-hexane and was dried at room temperature. The monacolin J was dissolved in 20 ml of MeOH, decolorized by treatment with 10 g of activated charcoal, crystallized at À20 1C with EtOH/EtOAc and dried at room temperature. Finally 10.25 g of monacolin J with purity higher than 99.4%, according to UPLC-PDA-MS analysis, was obtained.
Monacolin J derivatives were obtained by a semisynthetic process. Purified monacolin J was subjected to selective silylation of the C13 alcohol with trimethyl chlorosilane or t-butyl dimethyl chlorosilane, followed by acylation of C8 alcohol with different side chains ( Figure 2 ) and deprotection of C13 alcohol with fluoride salts (for example, TBAF). Simvastatin (Sequoia Research Products, Pangbourne, UK) was used as a positive control.
In vitro assays of HMG-CoA reductase inhibition
The activity of the novel derivatives in inhibiting HMG-CoA reductase was analyzed in comparison to simvastatin. Stock solutions were previously treated 
Cell cultures
Human hepatoma HepG2 and neuroblastoma SK-N-MC cells were obtained from American Type Culture Collection (coded as HB-8065 and HTB-10, respectively). Cells were routinely grown in MEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids and 0.05 mg ml À1 gentamicin. Cells were grown in 175 mm 2 flasks at 37 1C in a humidified atmosphere of 95% air and 5% CO 2 . Cells were plated out after trypsinization in 96-well plates (Corning, Corning, NY, USA) at the density of 4Â10 4 cells per well and incubated 24 h. For cholesterol measurement assays, cells were pre-incubated in serum-free media for 8 h just before 20 h incubation with the active compounds at different concentrations in medium deprived of fetal bovine serum. 13 Stocks for each compound (10 mM) were prepared in sterile ultrapure water and incubated with 0.1 M NaOH at 4 1C overnight. After treatment, cells were washed twice with phosphate-buffered saline and lysed with 150 ml of sodium phosphate monobasic buffer containing 0.5% Triton X-100 (pH 7.0). Figure 1 Scheme of construction of plasmids containing an lovF gene fragment amplified from DNA genomic of Neosartorya stramenia CECT 20742 (a) or the Aspergillus terreus ATCC 20542 (b). In both cases the lovF gene was disrupted by the hygromycin-resistance cassette. The PCR product was about 3 kb and amplified a central fragment of the gene.
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Cholesterol assays
Cell lysates (25 ml) and a cholesterol standard curve ranging from 0.15 to 10 mg ml À1 were transferred to 96-well plates to determinate total cholesterol. 75 ml of MES 0.05 M (pH 6.5) containing cholesterol oxidase (0.5 U ml À1 ), cholesterol esterase (0.8 U ml À1 ), peroxidase from horseradish type VI (4 U ml À1 ) and ampliflu red (20 mg ml À1 ) were added to the plates and allowed to react with the samples for 15 min at 37 1C. The fluorescence intensities were measured using a multiwell plate reader equipped with a filter set for excitation and emission at 530 and 580 nm, respectively (Infinite 200; Tecan, Mannendorf, Switzerland). 15 Protein was determined by the bicinchoninic acid method (Pierce, Rockford, IL, USA).
Neuroprotection assays
Cell death was evaluated using a modified MTT assay (WST-1; Roche Diagnostics, Barcelona, Spain). For assay, cells were treated with xanthine 10 mM/xanthine oxidase 60 mU ml À1 (XXO), corresponding to the dose LC 50 (the concentration that causes 50% cell death), to induce oxidative stress and cell injury along with monacolin J derivatives at increased concentrations during 24 h. During the final 2 h of treatment, WST-1 was added to cells, in accordance with the manufacturer's instructions.
RESULTS
Isolation and selection of statins-producing strains
Soil and plant samples taken from different environments were processed by several isolation methods depending on the sample nature and origin. About 1500 fungal isolates were obtained and screened for antifungal activity against C. albicans. Four isolates were found to be able to produce lovastatin and another two were identified as mevastatin producers. One of the lovastatin-producing strains was selected as it produced twofold more monacolin J than lovastatin in liquid culture. This strain was identified by sequencing the 28S rDNA D1/D2 region as N. stramenia and deposited in the Spanish Type Culture Collection (Valencia, Spain) as N. stramenia CECT 20742.
Mutagenesis
About 5000 colonies were screened after N-methyl-N¢-nitro-N-nitrosoguanidine treatment to check their antifungal activity. Colonies unable to produce growth inhibition zones were selected as putative monacolin J producers. These mutants were analyzed by UPLC-MS to determinate the production of monacolin J and lovastatin on solid cultures. One mutant (34-311) producing 10-fold more monacolin J than the parental strain was obtained.
lovF gene disruption and monacolin J production The lovF locus of N. stramenia 34-311 strain was disrupted by the onestep gene disruption method. Protoplasts were transformed with both circular and linearized plasmids. After two rounds, 421 colonies were able to grow on SDA plates. Among them, 25 strains were selected as they did not produce inhibition growth halos in the bioassay (Figure 3a) . UPLC-MS analysis showed that 10 transformants produced more monacolin J than the parental strain and low amounts of lovastatin were present (Figure 3b ). Homologous integration of the lovF-hyg R cassette in the endogenous lovF locus was presumed to have occurred in such transformants. Further hybridization analyses confirmed such event.
One strain (T-64) produced about sevenfold more monacolin J than the parental strain (Figure 3c ). UPLC analysis and quantification using calibration curves showed that strain T-64 produced 0.76 g monacolin J (b-hydroxy acid and lactone forms) per liter after 172 h of incubation whereas the parental strain reached 0.10 g l À1 .
Semisynthesis of monacolin J derivatives
Monacolin J extracted and purified from N. stramenia T-64 culture broths was used as a lead to obtain novel derivatives by semisynthesis at lab scale. Figure 2 shows some of the molecules produced by introducing different side chains at the C8 hydroxyl group. The resulting structures were confirmed by NMR analysis. For all compounds, the final purity was higher than 99.4%.
HMG-CoA reductase inhibition by monacolin J derivatives
To analyze the hypocholesterolemic effect of the compounds, we evaluated their ability to inhibit the enzymatic activity of the ratelimiting enzyme HMG-CoA reductase and determined the IC 50 (Figure 4 ). These studies showed that NST0037 inhibited the enzyme similar to simvastatin, being the most potent inhibitor with IC 50 ranging in nanomolar. A second group of compounds (NST0003, NST0004 and NST0005) also inhibited the enzyme, but with poorer potencies than simvastatin. Finally, NST0042 and NST0056 showed the lowest inhibition of the enzyme.
Hypocholesterolemic effects of monacolin J derivatives on human hepatocytes
To further evaluate the hypocholesterolemic effect of the compounds, we determined total cholesterol in hepatoma (HepG2) cell line ( Figure 5 ). For this purpose, cells were incubated with the same
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Monacolin J OH- Novel monacolin J derivatives S Campoy et al concentration (1 mM) of the derivatives and total cholesterol measured. NST0004, NST0005 and NST0037 exerted a statistically significant reduction of intracellular cholesterol similar to the one exerted by simvastatin. On the contrary, NST0003, NST0042 and NST0056 did not present a statistically significant hypocholesterolemic effect, at least at the selected dose.
Protection by monacolin J derivatives of the oxidative-stressinduced neuron cell death To evaluate the potential neuroprotective effect of the monacolin J derivatives, we performed a study of these compounds in comparison to simvastatin. Neuron cell death was caused by oxidative stress, by incubating the SK-N-MC cells with XXO (xanthine 10 mM/xanthine oxidase 60 mU ml À1 ). Protective effects of compounds were evaluated by incubation of the monacolin J derivatives (range of concentrations from 1 to 100 mM) together with XXO, and cell viability assayed ( Figure 6 ). Simvastatin protected from the oxidative-stress-induced neuron cell death in the range from 1 to 40 mM, although NST0037 was the most protective compound assayed, with a 75% of maximal 
DISCUSSION
Current industrial processes to produce natural-derived semisynthetic statins, including simvastatin, suffer from the need of producing monacolin J from lovastatin by chemical hydrolysis. Such processes are time consuming, need expensive chemical reagents and used organic solvents. Biotechnological methods have also been explored as the use of esterases for deacetylation of lovastatin, 16 although costs are somehow expensive and long incubation times are required. Production of monacolin J by fermentation would overcome all these hurdles leading to an easier, more economical and more environmental friendly process. Profitability of such process will mainly depend on monacolin J titers, which should be as high as those for lovastatin. We are currently focused on such task and so far ongoing studies with small bioreactors have already improved monacolin J titers obtained in flasks by threefold (data not shown).
Statins are the most well-known plasma cholesterol-lowering drugs in the market. In addition to this effect, these compounds have also been reported to prevent stroke and development of peripheral vascular disease, 17 as well as antithrombotic and anti-inflamatory effects. 18 Other potential uses of these drugs may be hypertension and immune response. 19, 20 Very recently, results in experimental animal models showed that lower cholesterol levels slow the expression of Alzheimer's pathology, 21 and it has been reported that the intake of statins is associated with a decreased incidence of AD. 22 Furthermore, it has been shown that hypercholesterolemia accelerated AD pathology in transgenic animal models, 23 being also an early risk factor for AD in epidemiology studies. 24, 25 These data point out the possibility that treating human patients with these cholesterol-lowering drugs might either reduce the risk of developing AD or help to treat it.
The complex association between cholesterol metabolism and AD is beginning to be strongly established, 26 as several issues linked to lipid homeostasis have been identified as risk factor for AD, including high levels of lipoproteins and hypercholesterolemia. Moreover, the use of some cholesterol-lowering drugs such as statins seems to correlate with a reduced risk for dementia. On the basis of the possible benefits of such cholesterol-lowering statin therapy, we have designed and evaluated the activity of six novel statins on cholesterol modulation and neuroprotection against oxidative damage. The hypocholesterolemic effect of these compounds was first determined by measuring their intrinsic potency to inhibit HMG-CoA reductase activity. Only one derivative (designated as NST0037) showed an IC 50 , slightly lower than simvastatin. Therefore, this compound could be a new good candidate as hypocholesterolemic agent. Furthermore, analysis of total cholesterol in human hepatocytes revealed that not only NST0037 but also simvastatin, NST0004 and NST0005, significantly decreased the cholesterol levels. The main risk factor for AD is aging. As aging process seems to be related to reactive oxygen species and free radicals, the design of new drugs to prevent an increase of such oxidative products in the brain could be a potential therapeutic target in AD. Neuroprotective potential of our novel derivatives checked using an oxidative-stress-induced neuron cell death model showed that NST0037 was the best neuroprotectant. Simvastatin also seemed to be able to prevent cell death whereas NST0003, NST0004 and NST0005 showed a moderate neuroprotective profile when higher concentrations were applied. Figure 6 Neuroprotective effects of monacolin J derivatives against oxidative-stress-induced neuron cell death. Neuroblastoma cells were treated with XXO (10 mM xanthine and 60 mU ml À1 xanthine oxidase) to induce oxidative stress and cell injury. The monacolin J derivatives were assayed at several concentrations for 24 h. Cell death was determined by using the WST-1 assay. The data represent the percentage of XXO-induced cell death (mean±s.d.) of three independent experiments performed in triplicate. SIM, simvastatin *Po0.05, compared to XXO-treated cells (Student's t-test).
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